Organic-inorganic nano-CoFe 2 O 4 /PANI (polyaniline) multi-core/shell composites have been successfully synthesized by chemical oxidative polymerization of aniline. The characterization results showed that the ferrite nanocrystals were efficiently embedded in PANI. The electromagnetic parameters of the composites were measured by a vector network analyser in the frequency range of 2 GHz to 18 GHz. Double-layer absorbers based on the CoFe 2 O 4 /PANI composite (matching layer) and calcined CoFe 2 O 4 ferrite (absorbing layer) have been designed. The reflection loss of the microwave absorbers of both single layer and double-layer with a total thickness of 2.0 mm and 2.5 mm was calculated according to transmission-line theory. The results indicated that the minimum reflection loss of the CoFe 2 O 4 /PANI composite was −19.0 dB at 16.2 GHz at the thickness of 2.0 mm and −23.6 dB at 13.1 GHz at the thickness of 2.5 mm, respectively. The minimum reflection loss for double-layer absorbers reached −28.8 dB at 16.2 GHz at the total thickness of 2.0 mm, and −31.1 dB at 12.8 GHz at the total thickness of 2.5 mm. The absorption bandwidth under −10 dB was 4.2 GHz (13.8 GHz to 18.0 GHz) and 5.5 GHz (10.3 GHz to 15.8 GHz), respectively. The results show that the reflection loss and absorption bandwidth of the double-layer absorbers are obviously enhanced compared to corresponding single layer absorbers.
Introduction
In recent years, electromagnetic (EM) pollution with the fast development of detection, information and communication technology in industrial, commercial and military applications, is becoming more and more serious. EM radiation can not only severely interrupt electronic controlling systems but also do harm to the health of human beings. To solve this problem, much attention has been paid to find EM wave absorbers. Absorption properties of absorbers mainly depend upon the relative complex permittivity and permeability of materials. Nowadays, various kinds of materials, such as dielectric, magnetic and conducting materials, have been studied, developed and applied in this field. The dielectric materials as EM * E-mail: shengz@nuist.edu.cn wave absorbers mainly include some nonmagnetic metal oxides and inorganic salts such as ZnO [1, 2] , MnO 2 [3] , BaTiO 3 [4, 5] . Magnetic absorbers belong to the class of magnetic loss materials including ferrites, metals Fe, Co, Ni and carbonyl iron [6] [7] [8] [9] . Ferrites, including soft magnetic and hard magnetic ferrites are better candidates for absorbing materials because of the high magnetic loss, though their dielectric loss has never been neglected, and have been intensively investigated [10] [11] [12] . Currently, the research interest in ferrite materials is to enhance the absorption intensity and broaden absorption bandwidth under −10 dB in the microwave band by doping [13] [14] [15] and controlling particle morphology and size [16] [17] [18] [19] . Complex permeability of magnetic metal materials may decrease due to eddy current phenomena induced by electromagnetic waves, therefore, they usually form composites with other dielectric and magnetic loss materials [20] [21] [22] . Similarly, the conducting materials acting as EM wave absorbers usually combine with some magnetic loss materials. They mainly include some conductive polymers such as polyaniline and polypyrrole [23] [24] [25] and carbonaceous materials, such as carbon nanotubes [26, 27] , graphene [28, 29] , carbon fibers [30, 31] , mesoporous carbon [32, 33] , and so on. Furthermore, multilayer structure absorbers are attracting great attention due to their more adjustable variable parameters than those of single layer absorbers [34] [35] [36] . Ni et al. [37] reported that double-layer composites consisting of barium titanate/carbon nanotubes 30 wt.% (absorbing layer) with a thickness of 1.0 mm and barium titanate 30 wt.% (matching layer) with a thickness of 0.3 mm showed a minimum reflection loss of −63.7 dB, and the doublelayer absorber had a much better absorption characteristics than the corresponding single layer absorber. Another double-layer absorber using ferrite as a matching layer and carbonyl iron as absorbing layer was studied by Liu et al. [38] . The results showed that the absorber not only greatly expanded the absorption bandwidth but also decreased the reflectance peak. Therefore, better absorption properties and wider absorption bandwidth can be expected by appropriate designing layer material, thickness, order, and so on. PANI materials are better candidates for multilayer absorbers [39] , because their dielectric constant can be easily adjusted by doping, and the morphology and size of the polymer particles can be easily controlled by changing reaction conditions. In addition, the magnetic properties can be tailored by appropriate preparing ferrite/PANI composite. To the best of our knowledge, reports on double-layer microwave absorbing materials based on the PANI and spinel ferrite materials are still very limited. 
Synthesis of spinel cobalt ferrite nanoparticles
Cobalt ferrite nanopowder was synthesized via co-precipitation method. In a typical synthesis, 5 mmol Fe(NO 3 ) 3 ·9H 2 O and 2.5 mmol CoCl 2 ·2H 2 O were dissolved in 200 mL deionized water with magnetic stirring at room temperature. When the solution was heated to 60°C, 5 mL ammonia solution was added to the salt solution. Then, the mixture was sealed and heated at 80°C for 2 h under vigorous stirring. The obtained precipitate (denoted as S1) was centrifuged and thoroughly washed three times with deionized water, and then washed with ethanol. Finally, the precipitate was dried at 80°C overnight. A part of sample S1 was calcined at 500°C for 5 h in air atmosphere. The prepared sample was denoted as S2.
Preparation of CoFe
The CoFe 2 O 4 /PANI multi-core/shell composite was prepared by chemical oxidative polymerization of aniline in the presence of PTSA using APS. The synthesis process was as follows: 15 mmol PTSA, 9 mmol APS and 100 mg S1 powder were added into 200 mL deionized water in an icewater bath with mechanical stirring for 1 h. Then the aniline solution (9 mmol aniline was dissolved in 50 mL deionized water) was added into the mixture in an ice-water bath under continuous stirring for additional 8 h. The final product was centrifuged and washed three times with deionized water, then dried at 80°C for 24 h. The prepared sample was denoted as S3. The sample S4 was prepared by changing CoFe 2 O 4 doses (386 mg), while the preparative procedure was the same as that of the sample S3.
Characterization and measurement
The X-ray diffraction (XRD) patterns were collected on a Thermo Scientific ARL X'TRA Powder Diffractometer (CuKα radiation, 40 kV, 40 mA, λ = 1.5406Å). Transmission electron microscope (TEM) images were taken on Hitachi H-800 and JEM-2100F. Scanning electron microscope (SEM) images were obtained on a Hitachi SU3500 with accelerating voltages of 30.0 kV and a thin layer of gold film was sprayed on the samples before the characterization. The magnetic hysteresis loops were measured with a vibrating sample magnetometer (VSM) (Lakeshore 7300) operating at room temperature. The electromagnetic parameters (relative complex permittivity and permeability) of the samples were determined by a vector network analyzer (Agilent Technologies E5071C) in the frequency range of 2 GHz to 18 GHz. In order to measure the electromagnetic parameters, the samples composed of powder-paraffin wax composites with the weight ratio of powder sample to paraffin wax of 10:9 for CoFe 2 O 4 /PANI and 7:3 for calcined CoFe 2 O 4 were prepared by homogeneous mixing, and then pressed into toroidal-shaped samples with the outer and inner diameters of 7.0 mm and 3.0 mm, respectively.
Results and discussion

Characterization of samples
XRD patterns of the prepared samples are illustrated in Fig. 1 . The samples S1 and S2 show that all the diffraction peaks can be well indexed to face-centered cubic cobalt ferrite (CoFe 2 O 4 ) phase (JCPDS Card No. 22-1086) with a space group of Fd3m. Full width at half-maximum of the calcined sample S2 is smaller compared to that of S1. The average crystallite size of cobalt ferrite is 7.2 and 11.5 nm for samples S1 and S2, respectively. According to Scherrer's formula D = kλ/βcosθ, where λ is the X-ray wavelength of CuKα radiation (1.54Å), k is the shape factor, to which a value of 0.89 can be assigned if the shape is unknown, θ is the Bragg angle and β is the full-width at half-maximum intensity of the peak. The sample S3 has two broad peaks with 2θ centered at 20.3°a nd 25.3°, which are usually ascribed to the periodicity parallel and perpendicular to the PANI chains, respectively [39, 40] . It is also found that the peaks get weaker with increasing ferrite ratio in the composites, as shown in sample S4, and no peaks of any other crystal phases can be observed besides the CoFe 2 O 4 in the sample S3 and S4, confirming only CoFe 2 O 4 crystal dispersed in the PANI matrix. particles synthesized at 80°C is 8 nm to 10 nm, which is similar to the result obtained by El-Okr et al. [41] . Fig. 2b shows the TEM image of CoFe 2 O 4 S2 calcined at 500°C. The size of the particles is about 15 nm. It can be seen that the morphology of CoFe 2 O 4 /PANI composite particles is nearly spherical, and the size of the spheres ranges between 40 nm and 100 nm ( Fig. 2c and Fig. 2d ). It is seldom found that the surfaces of spherical particles are coated by any smaller particles, therefore the inorganic ferrite nanoparticles should embede into the PANI polymeric matrix. Similar result can also be found from the TEM image in Fig. 2d . The image clearly indicates that the CoFe 2 O 4 nanoparticles are uniformly dispersed in the PANI particles, and no aggregation of the nanoparticles can be found. Fig. 2e and Fig. 2f show that the grain morphologies of sample S4 are similar to that of sample S3. However, from Fig. 2f , it can be found that some ferrite nanoparticles in PANI matrix have aggregated together. That is to say, uniform dispersion of ferrite nanoparticles is difficult to achieve with the increase of CoFe 2 O 4 dosage in the PANI (from 100 mg to 386 mg).
On the basis of the above characterization and analyses, the synthesis procedure for the nanoCoFe 2 O 4 /PANI multi-core/shell composites can be schematically illustrated in Fig. 3 . Magnetic measurements of samples S2, S3 and S4 were performed using VSM technique. The magnetic hysteresis loops at room temperature versus applied magnetic field up to 9 kG are shown in Fig. 4a . Obviously, all the samples show soft magnetic performance. The saturation magnetization (Ms) is about 30.5 emu/g, 2.0 emu/g and 7.9 emu/g for the sample S2, S3 and S4, respectively. The higher Ms value of S4 than that of S3 is due to increased CoFe 2 O 4 content in the CoFe 2 O 4 /PANI composite. The highest Ms value for the sample S2 is attributed to the absence of PANI in sample S2 and high degree of crystallization of ferrite derived from the high calcination temperature. The coercivity (Hc) value for the sample S2, S3 and S4 is 201 G, 236 G and 147 G, respectively. To clearly compare the Hc values, the zoomed middle part of the hysteresis loops is shown in Fig. 4b . The highest Hc value of S3 resulted from small size effect or the nanoregime (the ferrite nanoparticles of sample S3 dispersed uniformly in the PANI matrix, which is different from that of sample S4 where the aggregation of nanoparticles is serious as shown in TEM images). According to the nanoregime, magnetic nanomaterials reveal a changeover from multi-domain nature to single domain nature, and the coercivity of nanomaterial is mainly attributed to the demagnetization caused by single domain rotation. However, the Hc value of S2 is co-determined by the heat treatment temperature and particle size. The more details about magnetic properties of nanomaterials have been discussed by Pradeep et al. [42] .
Microwave electromagnetic properties
The real parts ( and µ ) of complex permittivity and permeability represent the storage of electric and magnetic energies, respectively, while the imaginary parts ( and µ ) symbolize the loss and dissipation of both energies. The variation of relative complex permittivity and permeability of the samples S2, S3 and S4 with frequency is shown in Fig. 5 . It can be found that the values of and of the sample S2 and S3 decrease with the increasing frequency, and fluctuate in the high frequency range as shown in Fig. 5a and 5b. Generally, the and of sample S4 are higher than that of S3 almost in the whole frequency range. The dielectric properties of materials result mainly from the intrinsic electric dipole polarization and interfacial polarization. The more addition of ferrite nanoparticles can introduce more additional interfaces and more polarization charges. Therefore, the values of and increase with increasing ferrite ratio. Meanwhile, for PANI composite, the contribution of electric conductance loss to cannot be neglected because of the electric conduction of PANI. The real part of pure ferrite sample S2 is the lowest and remains constant at approximately 3.65 in the whole frequency range, while three obvious peaks of for S2 can be observed at about 10.9, 12.0 and 16.1 GHz, respectively.
The dependence of µ and µ on frequency is shown in Fig. 5c and Fig. 5d . Clearly, µ and µ of the calcined ferrite sample S2 are higher than those of the other two samples. The high values of µ and µ mainly derive from strong magnetic properties of S2. Additionally, two strong resonance peaks of µ can be observed at 11.7 GHz and 12.8 GHz. These resonance peaks may result from the exchange resonance of magnetic materials according to the Aharoni's theory which has been reported in a previous report [43] . Fig. 5c and comparable with those of S4 in the whole frequency range. Furthermore, negative µ can be observed for S3 and S4 samples. The negative µ values can be considered as induced magnetic energy coming out of the absorbers. For conductive PANI composite, eddy current induced by electromagnetic waves can easily form, and then conversely induce new magnetic energy radiated out the absorber.
To further investigate the dielectric and magnetic loss properties, the reflection loss (R) of these composites was calculated according to transmission-line theory. The geometry of a multi-layer microwave absorber is shown in Fig. 6 . An electromagnetic wave with unit amplitude propagating along the positive z-direction is incident normally to the absorber and gives rise to a series of waves traveling in the positive and reflected wave traveling in the negative z-direction within the layers. Let d i , η i and γ i denote the thickness, complex intrinsic impedance and propagation constants of the ith layer, respectively (i =1, 2, 3, . . . , n). 0 , µ 0 are the permittivity and permeability of free space. According to transmission-line theory [44, 45] , the wave impedance Z i for the i-th layer is given by:
where η i and γ i are given as:
where η 0 is a characteristic impedance of the free space and ri , µ ri are the relative complex permittivity and permeability of the i th layer, respectively.
f is the frequency and c is the velocity of light in free space.
Since the microwave absorber is deposited on a metal conductor, thus the impedance of the short circuited first layer is given by:
where η 1 and γ 1 are intrinsic impedance and complex propagation constants of the first layer.
Using equation 1 to equation 4, the overall reflection coefficient for a multilayer absorber at an air-absorber interface is given as:
Thus, the reflection loss R of the electromagnetic wave incident normal to the planar multi-layer structure can be expressed as:
Using equation 2 to equation 6, the R for a singlelayer coating is given as:
Fig . 7 shows the calculated microwave reflection loss R of a single-layer coating with the thickness of 2.0 mm and 2.5 mm according to equation 7, respectively. The R of both S3 and S4 gradually decreases and achieves minimum value of −17.4 dB at 17.0 GHz and −19.0 dB at 16.2 GHz for the thickness d = 2.0 mm, and the effective absorption band width under −10 dB is 3.1 GHz (14.9 GHz to 18.0 GHz) and 3.9 GHz (14.1 GHz to 18.0 GHz), respectively, as shown in Fig. 7a . It is also found that the locations of the adsorption peaks of S3 and S4 samples correspond to that of the dielectric loss tangent (tanδ e ) peaks as shown in Fig. 7c . The results illustrate that the microwave absorption mainly results from the dielectric loss. Fig. 7b shows the minimum R value is −16.6 dB at 12.1 GHz and −23.6 dB at 13.1 GHz for both samples with the thickness d = 2.5 mm, and the effective absorption bandwidth is 3.4 GHz (11.1 GHz to 14.5 GHz) and 3.7 GHz (10.8 GHz to 14.5 GHz), respectively. Compared to the R curves in Fig. 7a , the location of the absorption peaks for the sample S3 and S4 shifts to lower frequency with the thickness increasing from 2.0 to 2.5 mm. For the calcined ferrite sample S2, the microwave adsorption is weak in the whole frequency range, and the absorption mainly comes from the magnetic loss as shown in Fig. 7a, Fig. 7b and Fig. 7d .
In order to improve the microwave absorption properties, the double-layer absorber, composed of the matching layer and absorbing layer, has been designed and R values were calculated according to equation 1 to equation 6. Due to the excellent microwave absorption property of sample S4, it was selected to act as a matching layer. The Fig. 8a and Fig. 8b show the R of double-layer absorber whose absorbing layer (layer 1) is ferrite sample S2 and matching layer (layer 2) is CoFe 2 O 4 /PANI composite sample S4 with the total thickness of 2.0 mm and 2.5 mm, respectively. The layer structure and reflection loss results are summarized in Table 1 (including single layer absorber S2-S4) , where the double-layer absorber samples are denoted as S5-S11. For the double-layer absorber with a total thickness of 2.0 mm (S5-S7), it can be found that the minimum R value is −28.8 dB at 16.2 GHz, and the effective bandwidth under −10 dB is 4.2 GHz (13.8 GHz to 18.0 GHz) when the thickness of layer 1 is 0.5 mm and the thickness of layer 2 is 1.5 mm (sample S5). It can be also observed that the microwave absorption properties are gradually weakened with the thickness of layer 2 decreasing from 1.5 mm to 0.5 mm. The similar variation tendency can be observed for the double-layer absorber (S8-S11) with a total thickness of 2.5 mm. When the thickness of layer 1 and 2 is 1.0 mm and 1.5 mm (sample S9), respectively, the minimum R value and effective bandwidth is −31.1 dB at 12.8 GHz and 5.5 GHz (10.3 GHz to 15.8 GHz), respectively. From Fig. 8 , it is also found that the absorption peaks shift to lower frequency as the total thickness increases from 2.0 mm to 2.5 mm, which is similar to that of the single layer absorbers. It can be found from the reflection loss results as shown in Table 1 , that the reflection loss of a double-layer absorber is determined not only by the layer material but also the thickness of each layer. It is obvious that a great improvement of microwave absorption properties compared with the single layer absorber has been obtained by designing the double-layer structure absorber with the matching layer CoFe 2 O 4 /PANI and absorbing layer CoFe 2 O 4 composites. It is worth noting that the increase of matching layer thickness is more beneficial to microwave absorption for a certain thickness of absorber when the matching layer is a high dielectric loss material and absorbing layer is a high magnetic loss material.
Conclusions
In summary, CoFe 2 O 4 /PANI multi-core/shell composites as microwave absorbers have been successfully fabricated by chemical oxidative polymerization of aniline. The double-layer absorbers with a total thickness of 2.0 mm and 2.5 mm based on the materials were designed. The microwave absorption properties of the single-and 
